In this research, a simple and cheap method was presented to make steel superhydrophobic. A mixture of antiformin solution and hydrogen peroxide was utilized to grow a porous structure on steel foil; the antiformin solution is much cheaper and more environmentally friendly than the use of strong acids.
Introduction
As is well known, steel has achieved extensive industrial applications due to its easy accessibility, cost efficiency, high fatigue strength and excellent machinability. Nevertheless, steel is easily oxidized and highly susceptible to corrosion in damp environments. It has been founded that the corrosion of steel is partly due to the contact with air and moisture.
1,2 One possible solution is to make the steel surface superhydrophobic, which not only provides corrosion resistance property but also adds self-cleaning function to the surface.
In nature, water droplets exhibit a nearly spherical shape on the surface of lotus leaves and immediately roll off because of low adhesion. The rolling motion carries away dust and contaminants, which results in a self-cleaning property. Inspired by this phenomenon, superhydrophobic surfaces with large contact angles (>150 ) and small sliding angles (<10 ) have attracted a large amount of attention because of their potential applications in self-cleaning, 3,4 oil/water separation, 5-8 anti-icing, 9,10 anticorrosion, 11 and so forth. Among these applications, to improve the anti-corrosion performance on metal surface is an important research direction. Many methods have been introduced to prepare superhydrophobic metal surfaces, such as electrodepositing lm, 12 23 Nevertheless, preparing a superhydrophobic surface on steel using antiformin solution is still scarcely reported.
A crucial factor hindering the large scale application of superhydrophobic steel surfaces is their weak mechanical abrasion resistance. Although a large amount of superhydrophobic surfaces have been introduced, most of them are prone to be destroyed aer a slight scratch, rubbing, and even nger contact. The reason may be that mechanical damage on the superhydrophobic surfaces tends to destroy the fragile micro-nano hierarchical structures. Recently, some researchers began to evaluate the mechanical durability. [22] [23] [24] [25] [26] She et al. presented a robust superhydrophobic surface on magnesium alloy substrate, and the prepared surface showed a maximum abrasion distance of 0.70 m under a 1.2 kPa pressure. 25 Wang et al. prepared a robust superhydrophobic steel surface by H 2 O 2 and HCl/HNO 3 etching, which could not endure the abrasion distance over 1.10 m under a 16 kPa pressure. 22 To the best of our knowledge, few studies about robust superhydrophobic steel surfaces under large pressure (24.5 kPa) have been reported in the literature.
In this research, antiformin solution is introduced to prepare robust superhydrophobic steel surfaces. The fabrication process is composed from three steps: chemical immersion through the combination of antiformin and H 2 O 2 , ultrasonic treatment and surface modication. The present approach could be easily applied for large scale production, as the procedure is performed in an economical aqueous solution. In addition, the as-prepared surface exhibited superior anticorrosion, anti-abrasion and self-cleaning properties, which get rid of the major neckbottle for its practical application. 3 , FAS) were purchased from Aladdin Reagent Co., Ltd, Shanghai, China. Polydimethylsiloxane (PDMS) is a two part crosslinkable resin (Sylgard®184, Dow Corning Co., Michigan, USA).
The preparation of micro nano roughness
Before using, steel substrates were ultrasonically cleaned in acetone, ethanol and deionized water, respectively, then dried in air for 30 min. The etching solution was formed by adding 12.50 ml antiformin solution into 10.00 ml H 2 O 2 solution. Then, the cleaned steel substrate was immersed gently into the etching solution for 4 h. Aer reaction, the substrate was rinsed with deionized water, and then dried in air.
Ultrasonic treatment
The steel substrate was immersed in deionized water, and then ultrasonically cleaned by a 100 W ultrasonic cleaner for 3 min. The ultrasonic cleaned steel was further dried in air.
Surface modication
First, the aforementioned sample was immersed in an ethanol solution which contains 2.0 wt% FAS for 4 h. Next, the sample was immersed in PDMS solution including 0.5 g PDMS, 0.1 g curing agent and 9.5 g hexane. Aer 3 min, the sample was taken out, and cured at 80 C for 2 h.
Characterization
The surface morphologies of as-prepared samples were observed with a scanning electron microscope (SEM, Hitachi S3400N). Prior to SEM measurements, a thin Au layer (ca. 5 nm) was deposited on the specimens by sputtering. The water contact angles (CAs) and sliding angles (SAs) were measured with a 5 ml droplet of deionized water at ambient temperature on a contact angle measurement instrument (JC2000D, China). The average water CA and SA values were obtained by measuring the same sample at ve different positions. The polarization curves were measured in 3.5 wt% NaCl aqueous solution through a CHI600D electrochemical workstation (Shanghai CH instruments). A three-electrode system was adopted. The sample and a platinum electrode were employed as the working and counter electrodes, respectively. A saturated calomel electrode (SCE) was used as reference electrode. The scanning rate of polarization curves was 0.5 mV s À1 .
Results and discussion
The surface morphology plays a key role in the preparation of superhydrophobic surfaces. Fig. 1a and b show the SEM images of surface morphologies of untreated steel at low and high magnications, respectively. Most areas of the surface were smooth, and a small amount of defects exist. Fig. S1 † shows the typical surface morphology of the steel substrates etched for different time intervals. Aer 4 h of etching in the mixture of NaClO and H 2 O 2 solution, the steel surface showed a porous structure. As shown in Fig. 1c and d , the pore size ranged from nanoscale to microscale. We attributed this to the existence of H 2 O 2 , which generated O 2 in the etching process. More interesting, ultrasonic treatment was adopted as a complementary texturing mechanism which can improve the surface's mechanical stability rather than degrade it. Aer ultrasonic treatment, micro sized cavities were presented on the surface as shown in Fig. 1e . Furthermore, nano sized features were created on the micro sized cavities as shown in Fig. 1f . This hierarchical morphology extensively mimicks the lotus leaf surface, where the rough microscale structure is covered by a nanoscale structure. Chemical composition is another key factor to determine the superhydrophobicity of the surface. Aer ultrasonic treatment, the steel surface was further chemical modied to create superhydrophobicity. The EDS spectrum of modied steel surface is displayed in Fig. 2. From Fig. 2b , it is found that the Fe element exhibited a uniform distribution. The presence of uorine element (Fig. 2c) conrmed the successful graing of the FAS molecules. Moreover, the F element showed a heterogeneous distribution, which is basically in coordination with the bright area shown in the SEM image. The O element also exhibited a heterogeneous distribution. Through the comparison of Fig. 2c and d , it is found that the distribution of O and F showed a consistency. Then it is hard to detect F element in the regions without O element. We attribute this to the -OH groups which existed on the oxidized surface, which is found to be the prerequisite for surface graing of silane.
22 Therefore, it is reasonable to deduce that the surface modication of FAS could only be performed at oxidized region, which is similar with other researches.
27-30
The formation mechanism of the as-prepared superhydrophobic surface can be further elaborated in Fig. 3 . As known, both NaClO and H 2 O 2 show strong oxidizing behaviour in the reacting solution, which means that Fe could be oxidized into Fe 2 O 3 . Due to the existence of defect and crystallinity in the steel surface, the oxidizing process is not uniform and micro-cavity structure tended to be formed. Moreover, a large amount of bubbles would generate in the etching process. We attribute this phenomenon to the existence of H 2 O 2 , which could generate O 2 gas in the oxidizing process. The generation of bubbles further led to the formation of porous structure in the steel surface (Fig. 3b) . Aer ultrasonic treatment, the fragile structure was removed. Then the steel surface was changed to lotus-leaf-like hierarchical micro-nanostructures (Fig. 3c) . Aer the surface treatment of FAS and PDMS, a layer with low surface energy covered the hierarchical micro-nanostructures (Fig. 3d) . In this research, the superhydrophobicity of the as-prepared surface derives from its rough surface with lotus-leaf-like hierarchical micronanostructures and the presence of low-surface-energy layer on it. Fig. 4 shows the wetting state for water droplets with different diameters on the as-prepared superhydrophobic surface, while all droplets keep nearly spherical shapes. According to the contact angle measurement, this kind of superhydrophobic coating has a high water contact angle of 163 AE 2 (Fig. 4) . In addition, the water droplets can easily roll down the sample surface when the sliding angle is 6 , indicating a low contact angle hysteresis.
31,32
The mechanical durability of superhydrophobic surfaces is a crucial factor which limits the widespread applications. Nevertheless, superhydrophobic surfaces with special micro/ nano structures are usually mechanically weak and easily destroyed. 32, 33 To solve this problem, lotus-leaf-like hierarchical micro-nanostructures were prepared on the steel surface. Using this structure, robust microscale bumps can provide protection to a more fragile nanoscale roughness. 34 In this research, the sandpaper abrasion test was performed to systematically study the mechanically stability of the as-prepared superhydrophobic steel surface. As shown in Fig. 5a , the superhydrophobic steel (2 cm Â 2 cm) was attached to a 1 kg weight (a pressure of 24.5 kPa) with the help of commercial adhesive. Then, the sample facing down sandpaper (grit no. 150) was moved for 28 cm along the ruler by an external drawing force (Fig. 5b and Movie S1 †). The water contact angles and sliding angles were measured aer each abrasion test cycle. Fig. 5c exhibits the change in contact angles and sliding angles as a function of the number of abrasion cycles. It can be found that the water contact angles were between 150 and 165 , and sliding angles varied between 5 and 9 through the abrasion cycles. When the abrasion cycle was further increased to 9, some bad points could be found in Movie S1 † where water droplets could not slip away. Therefore, the as-prepared steel surface retained superhydrophobicity aer 9 sandpaper abrasion cycles (2.24 m) under a pressure of 24.5 kPa. It should be noted that the results displayed in this research showed better mechanical durability than other reported superhydrophobic metal surfaces, 22-26 as shown in Table 1 .
The self-cleaning ability is a crucial character of superhydrophobic surfaces for practical application. A selfcleaning test for the as-prepared superhydrophobic surface was carried out (Fig. 6 and Movie S2, ESI †). Here, the carbon black powder was utilized as characteristic dust particles.
35
As shown in Fig. 6a , the dust particles were spreaded onto the superhydrophobic steel surface (Fig. 6b) . When a water droplet was dripped on the sample, they can smoothly roll down the surface and take away the dust at the same time ( Fig. 6b and c) . Aer water pouring processes, water droplets carried away the dust particles completely and le a clean surface (Fig. 6d) . Therefore, the as-prepared steel superhydrophobic surface exhibited excellent self-cleaning property.
The polarization curves are useful methods to explore the impact of the superhydrophobic surfaces on the corrosion resistance of the steel substrate. Fig. 7 shows the polarization curves of bare steel substrate and modied superhydrophobic steel surface. Parameters such as corrosion potential (E corr ) and corrosion current (I corr ) can be obtained using the Tafel extrapolation. As shown in Fig. 7 , the anti-corrosion ability was found to be improved on the superhydrophobic surface due to the lower I corr (12.706 mm cm À2 ) and higher E corr (À0.511 V) as compared to those of bare substrate (I corr ¼ 25.586 mm cm À2 , E corr ¼ À1.017 V), suggesting a good corrosion protection for the steel substrate. This result is consistent with previously published reports that superhydrophobic surfaces exhibit excellent anti-corrosion ability. [36] [37] [38] When the superhydrophobic surfaces are immersed in a corrosive solution, air tends to be trapped in the lotus-leaf-like hierarchical micro-nanostructure of the asprepared superhydrophobic surface, and the trapped air behaves as a dielectric for a pure parallel plate capacitor and prevents the electron transfer between the electrolyte and the steel substrate. 
Conclusions
In summary, mechanically robust superhydrophobic surface was fabricated on steel by a simple and low cost three-step method. Immersing steel into the mixture of antiformin and hydrogen peroxide was used to create porous structure. More interesting, lotus-leaf-like hierarchical micro-nanostructures were obtained aer subsequent ultrasonic treatment. The superhydrophobic surface was further prepared by surface modication. Particularly, this superhydrophobic surface could withstand the sandpaper abrasion for 2.24 m under a pressure of 24.50 kPa. Moreover, this superhydrophobic surface shows distinguishing self-cleaning and anti-corrosion properties.
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